performed on 8-12-week-old mice in conformity with the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals and in accordance with Necker Faculty of Medicine Animal Care and Use Committee (Paris Descartes University). Animals were sacrifi ced by cervical dislocation. Colon was harvested, washed in phosphate buffer saline, and snap-frozen in liquid nitrogen. Serial transversal sections (10 µm thick) were cut at Ϫ 20°C with a CM3050-S cryostat (Leica Microsystems, Nanterre, France) and immediately deposited on 2 in diameter polished silicon wafers (ACM, Villiers-Saint-Frédéric, France) for TOF-SIMS experiments. Samples were dried under vacuum at a pressure of a few hectopascals for 10 min before analysis. Optical images were recorded with an Olympus BX51 microscope (Rungis, France) equipped with 1.25× to 50× lenses and a Color View I camera, monitored by Cell B software (Soft Imaging System, Münster, Germany). Adjacent tissue sections were stained by hematoxilin-eosin and used as morphology controls. A total of 13 sections of mouse colon were used for the different analyses, 6 corresponding to three WT mice and 7 to three CF mice.
TOF-SIMS imaging
A standard commercial TOF-SIMS IV (ION-TOF, Münster, Germany) refl ectron-type TOF mass spectrometer was used for MSI experiments. The primary ion source was a bismuth liquid metal ion gun. Bi 3 + cluster ions were selected. The ion column focusing mode ensured both a 1-2 µm beam focus and short pulse duration of less than 1 ns. Such short pulses are a prerequisite for high-mass resolution, accurate mass measurements, and structure assignments. Because of the very low initial kinetic energy distribution of the secondary ions, the relationship between the time-of-fl ight and the square root of the mass-to-charge ratio ( m/z ) of secondary ions is always linear over the whole mass range. The mass calibration was always internal; signals used for initial calibration were those of C Ϫ , CH Ϫ , C 2 Ϫ , and C 2 H Ϫ for the negative ion mode. Signals of fatty acid carboxylate ions and deprotonated vitamin E were used for the calibration refi nement. Structure attributions or assignments of ion peaks were made according to the instrument resolution (M/ ⌬ M = 10 4 , fullwidth half-maximum [FWHM] at m/z 500), accuracy, and the valence rule. Moreover, mass spectra of reference compounds were recorded and compared with spectra recorded in situ to confi rm the assignments. Finally, the biological relevance of the attribution was also taken into account, and many mass assignments were also confi rmed or at least reinforced with the help of the literature ( 20-22, 31, 32, 36-39 ) .
Images were recorded with a fi eld of view of 500 × 500 µm 2 and 256 × 256 pixels, giving a pixel size of 2 × 2 µm 2 . A color scale bar indicates the amplitude and ion counts of each ion image. The data acquisition and processing software was IonSpec and IonImage (ION-TOF).
Negative ion mode images were successively recorded for each selected area. All the images were recorded with a primary ion fl uence (also called primary ion dose density) of 2 × 10 12 ions·cm Ϫ 2 , an ion rate higher than in our usual imaging experiments but still below the so-called static-SIMS limit, which ensured little sample damage and the maximum of intact secondary ion emission ( 40 ) . A low-energy electron fl ood gun was activated to neutralize the surface during the analysis ( 41 ) .
Multivariate analysis
The classical approach in mass spectrometry-based imaging consists of univariate analyses. This approach presents its limitations in studies where there is not an a priori molecular target or in the absence of a known disease marker. The alternative strategy is the use of multivariate analyses, where the effects of more than one statistical variable on the parameter of interest are Another aspect that is hardly explained as a consequence of CFTR dysfunction is the presence of alterations in the metabolism and in the blood and tissue content of certain lipids ( 9 ) (polyunsaturated fatty acids ( 10, 11 ) , phospholipids ( 12, 13 ) , sphingolipids ( 14, 15 ) , and cholesterol ( 16 ) ). Nevertheless, these fi ndings have been addressed by biochemical methods on total tissue homogenates or by chemical imaging of lipid analogs in cell models. As a consequence, little is known about the local distribution in tissue of lipid alterations in CF.
The advent of mass spectrometry-based imaging techniques, namely, MALDI and TOF-SIMS, has opened new perspectives in the combination of morphological analysis and molecule localization. Their particular suitability for the analysis of small molecules opens up the possibility of targeting lipids in the search for mechanistic insights leading to the discovery of therapeutic approaches or biomarkers by these techniques. TOF-SIMS was fi rst developed in the 1960s for surface analysis ( 17, 18 ) . This technology consists of the bombardment of the sample by a beam of mono-or polyatomic ions, which induces desorption/ ionization of secondary ions from the sample surface. Polyatomic ion beams have been used successfully in the analysis of organic surfaces with a resolution of some hundreds of nanometers (19) (20) (21) (22) (23) (24) , which makes the technology particularly fi t for the analysis of tissue sections ( 19, 22, (25) (26) (27) (28) (29) (30) (31) (32) . Conversely, MALDI uses a matrix to allow soft desorption/ionization of intact compounds upon laser absorption; it is also adapted to imaging analysis but at a spatial resolution limited to ‫ف‬ 50 µm with the current stateof-the-art.
The approach of mass spectrometry imaging (MSI) is usually based on univariate analysis of ion images. This represents a limitation in global studies where there are no particular targeted molecules. Multivariate approaches, like principal component analysis (PCA), allow distinguishing spatial structures and establishing correlations between tissue molecules (33) (34) (35) . In this study, we performed a thorough analysis of mouse colonic mucosa by TOF-SIMS imaging in tissue samples from CF and wildtype (WT) mice, and we processed the data by PCA and other multivariate approaches. We established the spatial distribution and the covariation of lipids of interest in the tissue. We also evaluated potential differences in lipid content and distribution, which can be attributed to the presence or absence of functional CFTR, between both groups of animals. The results obtained represent the fi rst lipid mapping of colon mucosa, as well as the fi rst lipid imaging study in the context of CF, and establish a starting point for future analyses on those pathologies that target colon.
interest, corresponding to the same as in the image dataset ( Table 1 ), excluding carboxylate ions C14:0 ( m/z 227.22), C20:3 ( m/z 305.26), and C22:6 ( m/z 327.15). The dataset was centered and rescaled prior to PCA.
Principal component analysis
PCA was applied to TOF-SIMS image datasets from colon sections after preprocessing. Score plots show the values for each pixel on the associated principal component axis. The false color scale indicates the level of contribution of each pixel to the axis. Pixels that correspond to the same histochemical structure (i.e., pixels showing similar mass spectra) are expected to have a similar contribution to different principal components, and they appear with the same color. Loading plots show the positive and negative correlations of each original variable with the respective principal component. In the end, it is the coevolution of the original variables that explains the discrimination of pixels on the principal component.
PCA was also applied to TOF-SIMS spectra datasets after preprocessing. Biplots synthesize the information by superimposing the samples (i.e., the spectra) and the original variables (i.e., the selected ion peaks) on a common space. Here we used the PC1-PC2 factorial plane ( Figs. 6 and 7A ). This graph allows visualizing the affi nities between the different spectra (representing each individual mouse) and explaining the correlation between the original variables and the principal component.
Partitioning clustering
Partitioning clustering, which was performed by the K-means algorithm on the TOF-SIMS image dataset after preprocessing, assigns each point to the nearest cluster represented by its barycenter. The K-means algorithm requires as input the determination of a number of wished "k" clusters. The algorithm classifi es each pixel into one of these "k" clusters either by minimizing the sum of distances from their respective centers or by maximizing interclass distance, which ultimately leads to the most distinct clusters possible.
Hierarchical clustering
After preprocessing, the TOF-SIMS spectra dataset was subjected to hierarchical clustering analysis using the Euclidean metric as the distance metric and Ward's criterion as the agglomerative criterion. In hierarchical clustering, a hierarchy of clusters is represented by a structure (dendrogram) that resembles the shape of a tree. The trunk of the tree corresponds to the cluster regrouping the totality of individuals (i.e., mice) and the leaves to the unique individuals. This graph (Fig. 7B ) enables visualizing the similarity between two individuals and/or clusters as a function of the number of branches separating them from a common junction. By cutting off the dendrogram at a specifi c level, the dataset can be characterized by the corresponding number of classes.
Genetic algorithm analysis
Genetic algorithm (GA) analysis is a supervised learning method that allows the selection of a small number of highly predictive variables among an initial list of variables. In the present study, the initial list of variables was chosen according to known m/z values of ions and fragments. GA analysis was performed on TOF-SIMS spectra of ROI corresponding to Lieberkühn glands. Spectra preprocessing is detailed above. From the different random combinations of variables tested by the algorithm, the one that provided the best discrimination between the two classes of mice was chosen. The selected ions were reexamined and validated according to their intensity and spatial distribution characteristics. The fi nal list of ions ( Table 2 ) was subsequently subjected to PCA and hierarchical clustering analysis. analyzed simultaneously. Our study was based on two main multivariate techniques: PCA and partitioning clustering.
PCA explores the links between variables and similarities between individuals. It is defi ned as an orthogonal linear transformation of data to a new coordinate system. The new axes are defi ned by the eigenvectors of the variance-covariance matrix. Each axis is associated with a linear form that explains the variability of the new axis and a variable that contains coordinates corresponding to the projections of individuals on the axis called 'principal component'. PCA is a powerful technique used to reduce the dimensions of large sets of data. In the present study, the main source of variability within an image is due to chemical compositions of the different parts of the tissue, while between images it corresponds to the WT or CF mouse genotype.
Clustering analyses assign each individual to a subclass (cluster), such that all individuals in a subclass present a degree of similarity. These are unsupervised learning processes based on the calculation of inertia between individuals of the dataset. Inertia is a generalized measure of the variance in the system. The total inertia is equal to the sum of the intraclass inertia and interclass inertia. Intraclass inertia is the amount of inertia of the separate clusters, and interclass inertia is the amount of inertia between clusters. The latter can be seen as a measure of the difference between classes. Therefore, the goal of clustering is to maximize interclass inertia to obtain the most distinct classes possible. The two types of clustering used in this study are partitioning clustering, to regroup pixels in clusters defi ning biochemical zones, and hierarchical clustering, to classify mice by their spectral similarities.
In addition, we used genetic algorithms, which can serve as an early step in data analysis. This is a supervised learning method that selects a small number of highly predictive variables; in our study, to discriminate WT and CF mice.
Multivariate analyses were carried out on TOF-SIMS-MSI data using Solo+MIA, the standalone versions of PLS_Toolbox and MIA_Toolbox (www.eigenvector.com, Eigenvector Research, Wenatchee, WA) for Matlab (MathWorks, Natick, MA).
Two kinds of datasets were analyzed: the fi rst one corresponding to TOF-SIMS images to characterize different structural regions, and the second one corresponding to concatenated areas of TOF-SIMS spectra to differentiate CF and WT individuals. Both datasets needed a different preprocessing step.
TOF-SIMS image datasets came from colon sections of CF mice. Data acquisition was performed using the IonImage software to generate images from peaks of interest. Import of images to Solo+MIA software was made in binary format. Regions of interest (ROI) were defi ned manually with the lasso tool. The areas corresponding to the lumen of colon were excluded (56,546 out of 65,536 pixels were included in the example shown in Figs. 2-5 , which represents about 86.3% of total area). The preprocessing step consisted of centering, scaling, and normalizing using the Euclidian distance. This last step allowed, in this case, a better discrimination of the distinctive histochemical features. A total of 15 variables in the m/z range 100-900 were selected for PCA and partitioning clustering ( Table 1 ; supplementary Fig. I ). They were chosen according to ions of interest cited in the literature ( 10, 12, 13 ) and because they possessed a distinct spatial distribution and a reasonable intensity.
The TOF-SIMS-spectra dataset came from 13 colon sections of three WT and three CF mice. Data acquisition for each ROI spectra was performed using the IonSpec software (supplementary Fig. I ). All 13 ROI spectra were generated according to the distribution of the m/z 253.24 ion (carboxylate ion of palmitoleic acid C16:1n-7), which delineates the glands of Lieberkühn ( Fig. 1 ). All spectra were further normalized according to the number of pixels of each ROI spectra. Areas were computed for 12 ions of four principal components. PC1 accounts for 20.90%, while PC2, PC3, and PC4 capture 14.16, 9.89, and 7.45%, respectively, of total inertia (which represents the relative amount of information captured by each principal component). Their respective spatial distributions are shown in Fig. 2 , where each panel shows both the score (left) and loading (right) plot for each principal component. From the score plot it can be inferred that PC1 delineates a structure consistent with the morphology and spanning of Lieberkühn glands (red to yellow pixels), discriminating in a general way the mucosa from the epithelial edge (blue pixels) ( Fig. 2A ) . Dark-blue pixels correspond to those removed from the analysis. The loading plot indicates the contribution of each ion to PC1 ( Fig. 2E ) . In fact, the coevolution of the increased concentration of C14:0, C16:1, and C16:0 with respect to the decreased concentration of CS and C18:0 is responsible for this discrimination. As shown in the corresponding score plot ( Fig. 2B ), PC2 delineates a structure consistent with the apical part of Lieberkühn glands, as well as some border elements (red to yellow), in contrast with lamina propria and submucosa (blue). This is due to increased amounts of phosphoethanolamine (a fragment of PE), an ion detected at m/z 259 and attributed as a fragment of either PI or a sulfated lipid (sulfatide, ST), C18:1 in combination with decreased levels of phosphocholine (fragment of PC and/or SM), as shown in the loading plot ( Fig. 2F ) . PC3 is consistent with the localization of lamina propria , border, and submucosa (red-to-yellow pixels on Fig. 2C ), mainly due to increased C20:4, C18:0, phosphocholine (fragment of PC and/or SM), vE, C18:1, C18:2, and C16:0, and decreased ST or PI fragment, as shown by the loading plot ( Fig. 2G ) . PC4 is mostly localized at the epithelial edge, the lamina propria , and submucosal structures (redto-yellow pixels), with a contribution of increased cholesterol, C22:6, and phosphoethanolamine (fragment of PE) concomitant with a decrease in CS and C18:2 ( Fig.  2D, H ) . However, the interpretation of the score plot
RESULTS

Lipid mapping of mouse colon by univariate analysis
Colon sections from three WT and three CF mice were analyzed by TOF-SIMS in the negative ion mode. II) . Note that the detected fatty acid carboxylate ions correspond to both free fatty acids and acyl fragments from more complex molecules. Some ion signatures are characteristic of the lamina propria and submucosa (C18:0) of Lieberkühn glands (LG) (C16:0) and the epithelial border (CS, C18:2). This distribution in three regions is illustrated by the merged three-color image ( Fig. 1H, P ) . The distribution of ions corresponding to cholesterol (not shown) and vE is mostly uniform. Arachidonic acid (AA, C20:4, m/z 303.26) was localized to submucosa, lamina propria , and border, while its fatty acid precursor (C20:3, m/z 305.26) was mainly present in LG in both WT and CF sections (supplementary Figs. III, IV, V). Although some minor differences in spatial localization were observed between WT and CF colon, they were not consistently present in all individuals. In addition, no signifi cant differences were observed between total spectra from WT and CF mice.
Lipid mapping by PCA on a TOF-SIMS image
The main objective of PCA applied to mass spectrometry imaging data is to identify underlying structures in the (X,Y) space by their spectral similarity, to identify correlations between ions characterizing the main structures, and ultimately, to discriminate different structural areas biologically relevant in the tissue based on their mass spectral fi ngerprint. For this study, we selected the fi rst synthesizes the information contained in the principal plane PC1-PC2, represented in the center, where pixels are defi ned by their coordinates on the PC1 and PC2 axes. The color scale indicates the density of pixels having similarities in their spectra. This plane contains 35.06% of total inertia and embodies three major regions of pixels grouped in becomes more and more subjective for the later principal components.
Another way of visualizing the results is to represent the pixels in the space of scores, evaluate the differences between groups of pixels, and defi ne specifi c biological structures as a function of their spectral similarity. Figure 3 two regions: a light-blue layer in contact with the epithelium, characterized by a positive contribution PC2 and PC3, and a green area in contact with the lumen, probably due to secreted mucus and characterized by a positive contribution of PC2; Lieberkühn glands are mainly yellow colored, indicating major contributions of PC1 and PC2. Some color variation can be observed from yellow-green and yellow-red, characterizing the proximal and distal part of LG, respectively. Finally, some dark-green pixels located inside the glands suggest a contribution of PC2 and PC3, which could be interpreted as the presence of secreted mucus.
Lipid mapping by partitioning clustering on a TOF-SIMS image
In the partitioning clustering study, the K-mean algorithm was used on the same variables as those for PCA ( Table 1 ) . The result is shown in Fig. 5 as a palette of images representing the partitioning into 2, 3, 4, and 5 clusters, respectively. The dark-blue area corresponds to pixels of the colon lumen, which were excluded from the analysis. The two-class clustering ( Fig. 5A ) distinguishes the Lieberkühn glands (brown) from the rest of structures (green). The three-class ( Fig. 5B ) separates border (light blue) and LG (brown) from lamina propria and submucosa (yellow-red). The four-class ( Fig. 5C ) discriminates the apical part of LG (brown) from the rest of the gland (orange), the lamina propria submucosa (green), and the epithelial border (light-blue). The fi ve-class clustering ( Fig.  5D ) results in the discrimination of a brown area corresponding to the external part contiguous to the lumen, a middle-blue area corresponding to the epithelial border, a green-blue surface corresponding to the lamina propria and submucosa, and fi nally, the LG in two clusters, orange and yellow for the distal and proximal part, respectively. This analysis confi rms the results obtained by PCA.
Differences between CF and WT mice are revealed by TOF-SIMS
A semiquantitative analysis of potential differences in lipid content between CF and WT was performed by selecting several ROI from each tissue section and comparing their associated spectra. These regions correspond to the epithelial border, the crypts, and the lamina propria , according to the localization of CS, C16:1, and C18:0, respectively. The corrected area for each peak of interest was divided by the number of pixels accounting for each ROI. The C16:0 amount was signifi cantly increased (by 23%) in the border of CF versus WT mice, whereas the vE amount was significantly increased in CF both in the border (by 52%) and in the lamina propria (by 52%). The rest of peaks presented no signifi cant differences between the two mouse types.
Discrimination of CF and WT mice by PCA on TOF-SIMS spectra from LG region
To establish a comparison between WT and CF tissues, spectra from selected ROI corresponding to LG from the 13 sections were analyzed by PCA. The choice of this ROI is due to the fact that CFTR is mostly expressed in this area. The ions listed in Table 1 were subjected to PCA clusters (Areas 1, 2, and 3), mainly discriminated by PC1. As seen in Fig. 3 , the left cluster (Area 1) is constituted of pixels of the epithelium border region. This cluster covers 5,142 pixels, which represent approximately 9.1% of the total tissue area. The epithelium border is characterized by an increased amount of CS, C18:0, and C18:2, and decreased amounts of C14:0, C16:0, and C16:1 fatty acids compared with the rest of the tissue. The right cluster (Area 2) contains mainly pixels of Lieberkühn glands. This cluster covers 12,788 pixels, which represent approximately 22.6% of the total tissue area.
LG are characterized by increased C14:0, C16:0, and C16:1 amounts, and decreased CS and C18:0 amounts compared with the rest of the tissue. This nearly reverse lipid fi ngerprint, with respect to Area 1, is due to the fact that the PC1 is the main discriminating axis that separates LG from the epithelium border pixel cluster, as can be seen on the PC1-PC2 score plane ( Fig. 3 , center  image) . The bottom cluster (Area 3) is mainly generated by pixels from the submucosa and some from the lamina propria . This cluster covers 5,695 pixels, accounting for approximately 10.1% of total tissue area. This cluster is mainly carried out by the PC2 on the negative value area. The submucosa is characterized by increased phosphocholine and decreased phosphoethanolamine, ST, or PI fragment, and C18:1 content compared with the rest of the tissue. The last area (Area 4) is characterized by a rather vague contour compared with the three other areas. It is located between Areas 2 and 3 and corresponds to the lamina propria . This cluster covers 1,895 pixels, which represent approximately 3.4% of total area, and is characterized by increased phosphocholine and C16:0 content, as well as decreased CS, C18:2, and C18:1 fatty acids, phosphoethanolamine, and ST or PI fragment amounts.
A three-color overlay of the fi rst three principal components provides a better contrast between the different histochemical areas according to their spectral profi les ( Fig.  4 ) . The color of pixels is determined by their contribution score on each principal component (red for PC1, green for PC2, and blue for PC3). All different histochemical substructures can be distinguished: lamina propria and submucosa are colored in blue-magenta, indicating that these two regions are primarily defi ned by a positive contribution of PC3 and some PC1; the border is divided into synthesizes the results by superimposing the individuals and the original variables (selected ions) on a common space representing the principal plane built from PC1 and PC2, where WT individuals are represented in green and CF in red. Both classes of mice seem to be separated by the fi rst principal component, even though the separation is not very distinct. The main contribution to the separation is due to an increase in CF mice of CS, C16:1, C16:0, phosphoethanolamine, phosphoinositol (PI fragment) or ST, analysis. PC1 and PC2, which carry the greatest variance among the 13 sections, account for 41.49% and 20.91% of total inertia, respectively. The three main principal components accumulate 81.65% of total inertia. Assuming that the greatest source of variability between mice corresponds to CFTR expression, this feature is expected to be the main contributor to the potential discrimination between the two classes of mice and should be expressed in the fi rst two principal components. The biplot shown in Fig. 6 phospholipids (PE, PC, and SM) in LG with respect to WT mice. Hierarchical clustering analysis ( Fig. 7B ) provided a very satisfactory separation between WT and CF mice present at the fi rst branching. Similarly, different sections from the same mice are paired, indicating that the analysis is reproducible within the same individual.
DISCUSSION
In the present work, we combined a mass spectrometrybased lipid imaging method with several multivariate statistical analyses to provide a detailed mapping of lipids in the mouse colon and to establish potential differences in lipid content and distribution between WT and CF mice. As a result, we found a distinct lipid pattern that characterizes phosphocholine, and to a lesser extent, cholesterol and vE, accompanied by a decrease in C18:2.
In addition, PCA and hierarchical clustering were carried out on the 12 ions listed in Table 2 . This list was produced by GA analysis, providing the best combinations of variables discriminating WT and CF mice. The PC1-PC2 biplot ( Fig. 7A ) shows a perfect separation between CF and WT based on the fi rst principal component. These results indicate that CF mice are characterized by increased amounts of C14:0 and C16:0 carboxylate ions ( m/z 227.22 and 255.25, respectively), vE ion fragment ( m/z 429.40), and ion fragments ( m/z 109.99 and 168.07) of different Fig. 3 . Distribution of clusters on the PC1 and PC2 plane. Visualization of the four different clusters of pixels manually selected on the principal plane constituted by the two fi rst principal components. Those clusters represent the four main histochemical structures, namely, the epithelial border (Area 1), the Lieberkühn glands (Area 2), the submucosa and lamina propria (Area 3), and the lamina propria (Area 4). The total ion current image was used to represent the different selected clusters of pixels. The color scale of the center image corresponding to the PC1-PC2 score plot represents the density of pixels having the same PC1 and PC2 score coordinate. PC1-4, principal component 1-4. 241) were found in the Lieberkühn crypt region; whereas the C18:2 signal was weak in the crypt and strong in the villus, C18:1 was predominant in villi, and C18:0 was ubiquitous ( 46 ) . In our study, C18:2, an essential fatty acid, was mainly found in the epithelial border ( Fig. 1B, J ; supplementary Fig. VI) . Even though most of the nutrient absorption takes place at the jejunum, the presence of an essential fatty acid, (i.e., exogenous) in this area may denote an intense absorptive activity. In fact, medium chain fatty acids, in particular C18, have been reported to be readily absorbed in the colon ( 47 ) . The authors suggest that this could compensate for alterations in fatty acid absorption in the small intestine. It has also been demonstrated that the mucin present in the lumen of the digestive tract are able to bind fatty acids and that these could act as a shield against oxygen radicals ( 48, 49 ) . Note that in our study C20:4 (supplementary Figs. III, IV, V) also presented this type of distribution. This result is consistent with a previous report indicating higher n-6 polyunsaturated fatty acid content in differentiated versus nondifferentiated CaCo-2 cells ( 45 ) . A more intense biosynthetic activity of differentiated border cells could account in part for this particular distribution.
A remarkable fi nding in our study is the partial colocalization of C18:2 and CS at the epithelial border ( Fig. 1B , E, J, M ; supplementary Fig. VII) . CS is known to be present in the intestinal epithelium of different animal species ( 50 ) . It has also been shown, along with other sulfated lipids, to inhibit pancreatic trypsin, chymotrypsin ( 51 ) , and elastase ( 50 ) in a mechanism aimed at protecting the epithelium against the enzyme-rich environment that characterizes the intestinal lumen. However, this is the fi rst time, to our knowledge, that the precise localization of CS at the colon epithelial border is reported.
Particularly surprising was the distribution of the ion at m/z 259 ( Fig. 1F, N ; supplementary Fig. VIII ) with localized the different histological structures of colonic mucosa, some of them attributable to the differentiation state of intestinal epithelial cells. In addition, slight differences between CF and WT mice in fatty acids, vE, and several phospholipid fragments have been recurrently shown by both univariate and multivariate approaches.
Nevertheless, the results presented in this article cannot be assumed in terms of absolute quantitative data. Note that cluster TOF-SIMS does not allow an absolute quantification. As an imaging technique, only the relative quantifi cation of an individual ion on a surface can be provided. In addition, quantitative comparison between different ions is possible only if they are physicochemically close.
Intestinal mucosa is characterized by intense cell differentiation and turnover. In our study, this fact is suggested by the color variations observed in the different parts of the LG ( Fig. 4 ) . Differential lipid content of intestinal epithelial cells related to their differentiation status has been reported ( 42, 43 ) . Activity of fatty acid desaturases ( 44 ) and lipid content is also modifi ed in colonic Caco-2 cells ( 45 ) as a function of differentiation. These changes can be associated with the development of the mucosal barrier, as well as the permeability and functional properties of the intestinal mucosa. Nevertheless, our technique eliminates the bias due to cell purifi cation and introduces the analytical accuracy of mass spectrometry. Interestingly, in the case of fatty acid desaturases ( 44 ), our results suggest an intense ⌬ 5-desaturase activity in lamina propria , border, and submucosa, according to the presence of AA and absence of its precursor C20:3 (supplementary Fig. II) .
To our knowledge, the present study constitutes the fi rst attempt to establish a detailed mapping of the lipid content in colonic mucosa. Our results seem to be in agreement with a recent report based on TOF-SIMS imaging of rat duodenum ( 46 ) . In this seminal study, strong signals corresponding to C16:0 and to the PI polar head ( m/z With respect to vE changes, a defi cit in serum vE in CF patients, attributed to intestinal malabsorption, is widely accepted ( 65, 66 ) . This is believed to contribute to a redox imbalance, and vE supplementation is routinely provided to patients ( 67 ) . In addition, serum vE content is decreased in pancreatic-insuffi cient patients at the onset of pulmonary exacerbations ( 68 ) . These results are consistent with a decrease of vE in liver ( 69 ) . However, to our knowledge, the content of this vitamin in intestinal mucosa had not been addressed before. The fact that only the ROI delineating the epithelial border shows this difference points to the hypothesis of a potential defi cit in absorption.
Whether the observed differences are indicative of an epithelial dysfunction remains to be demonstrated. It is assumed that the small number of samples can be a limiting factor. In any case, the lack of dramatic differences may also be due to the fact that most of absorptive function happens in the small intestine. Subsequently, the consequences of malabsorption should be less remarkable in the colon. Therefore, in this part of the intestine, it would be expected that any differences found in lipid content and/or distribution would be due, for the most part, to defective CFTR-related electrolyte transport. In view of this, it could be argued that lipid abnormalities associated with CF are not directly linked to the regulation of electrolyte transport by CFTR but with other CFTR functions ( 8 ) .
The main added value of our study is the detailed mapping of lipids obtained by the combined approach of mass spectrometry imaging and multivariate statistical analysis. The analysis of lipids in colonic mucosa has seldom been addressed and employed classic techniques, consisting mostly of a fatty acid profi ling ( 62, 63 ) . PCA and partitioning clustering applied to mass spectrometry imaging data enables us to distinguish the different tissue regions according to their histochemical lipid profi les without resorting to invasive chemicals, such as histological staining ( 70, 71 ) . In our study, K-mean partitioning into fi ve areas ( Fig. 5D ) is in good agreement with the histochemical structure shown by optical microscopy ( Fig. 1G, O ) , as well as with the overlay image obtained with PC1, PC2, and PC3 ( Fig. 4 ) . In our study, PCA differentiated the main histological areas of the colon section and identifi ed the lipid profi les responsible for this distinction. Our results highlight the very heterogeneous distribution of lipids within the tissue and represents a perfect example of differential lipidome associated with differential function and metabolic state of the cell types present in colon mucosa. This observation can be attributed to the differentiation status of epithelial cells in a tissue were the turnover is especially fast. Our data can provide clues about differentiation mechanisms and a model for other tissues. The differences found between proximal and distal parts of LG present in the four-and fi ve-class clusters ( Fig. 5C, D ) , as well as the color shift in the superposed PC1-PC2-PC3 ion images ( Fig. 4 ) , can serve as putative markers of cell differentiation.
It is noteworthy that, in spite of the limited number of samples subjected to our study and the slight differences clusters, not spatially correlated with any other ion or tissue structure. This ion could correspond to the PI polar head (phosphoinositol), or an ST ion, or both. The fact that it colocalizes with the sulfate ion ( m/z 79.96, not shown) favors the second option. STs are a class of sulfated galactocerebrosides that are characteristic of the peripheral nervous system but are also present in other tissues. However, little is known about their presence and function in the intestine, apart from participating in specialized microdomains involved in the apical traffi cking in polarized cultured enterocytes ( 52 ) . This does not discard the contribution of phosphinositol to the particular distribution of this ion. In fact, phosphatidylinositol kinase plays a pivotal role in the regulation of differentiation, survival, and anoikis of enterocytes, colonocytes, and goblet cells, associated with the Akt1 signaling pathway (53) (54) (55) (56) (57) (58) . Therefore, it could be expected that a differential content of phosphoinositides was present, depending on the differentiation status of cells. Techniques like the one described in the this article may help to increase the knowledge on the spatial distribution and regulation of differentiation and other important events in intestinal physiology, such as proliferation, apoptosis, anaikis, and electrolyte transport.
The second main objective of the present study was to establish differences in the lipid content and/or in the lipid spatial distribution between WT and CF mice. The differences found were limited to a slight but signifi cant increase in C16:0 and vE in CF colon border. The former can be consistent with an increased saturation of membranes concomitant with a decrease in the presence of polyunsaturated species, while the latter can be attributed to an increased oxidative stress scenario. In fact, the welldocumented lipid alterations associated with CF consist, for the most part, of decreased essential and polyunsaturated fatty acid levels in blood ( 59 ) and tissues ( 59, 60 ) from patients, animal ( 13, 60 ) , and cell models ( 61 ), with a trend toward an imbalance favoring n-6 series biosynthesis ( 11, 61 ) , as well as decreased choline-containing phospholipids in plasma ( 12 ) . In our study, no signifi cant differences were detected in either polyunsaturated acid content or distribution. Note that the only reference to date on a fatty acid imbalance in the intestine corresponds to the ileum ( 60 ); the reported imbalances corresponded to total tissue homogenates, and in our study, to restricted regions of interest. It is known that other pathologies affecting the colon also present alterations in fatty acid content. Colonic adenocarcinoma has been associated with increased saturated fatty acid ratios ( 62 ) . The fatty acid content of Crohn's diseased ileal and colonic mucosa has been characterized ( 63 ) , showing that infl amed mucosa is characterized by a decrease in C18:2 and C18:3 accompanied by a substantial increase in the highly polyunsaturated fatty acids C20:4n-6, C22:4n-6, and C22:6n-3. Ceramide accumulation and lysophosphatidylcholine decrease have been reported as a consequence of experimental colonic infl ammation in mouse ( 64 ) . However, it must be pointed out that infl ammation is not the main alteration in the CF knockout mouse model, and similar lipid alterations are not likely to be present. between WT and CF obtained by semiquantitative univariate analyses, PCA and hierarchical clustering were able to somehow discriminate the two types of mice. This result is in accordance with the fact that the main information in a dataset usually is not carried by a single variable but, rather, by how each variable changes in comparison with other variables (i.e., not how a single lipid is modifi ed but how a subset of lipids covaries). The discriminating set of variables must be considered like a single lipid signature. However, the results reported must be taken cautiously, as some of the variables selected by the genetic algorithm analysis, which allows a better separation ( Fig. 7 ; Table 2 ), correspond to low abundance fragments of ambiguous origin as their masses are not specifi c to a particular lipid class. Thus, ion identifi cation as a crucial step in the interpretation of the results provided by this technique.
Nevertheless and despite that the robustness of our study needs to be validated by a series of experiments, it can be concluded that multivariate approaches, such as PCA, are of particular interest to establish differences between models corresponding to two or more pathological states. This study can be considered a proof of concept for further tissue analysis in CF, for pathologies affecting colon, and for tissue-scale functional investigations in the intestinal environment.
